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I. INTRODUCTION
Understanding the impact of strong electron-electron interactions on Topological Insulators (TIs) is an open challenge [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] which holds the potential for the discovery of novel states of matter. One of the most subtle issues is that, while intrinsic electron-electron correlation effects may have a non-trivial interplay with topological properties, strong interactions typically favour different kinds of spontaneous symmetry breaking and the formation of long-range-ordered states (e.g. spin, charge or orbital ordering).
The paradigmatic case for non-frustrated correlated insulators is the anti-ferromagnetic (AFM) ground-state resulting from a local Hubbard repulsion. If we consider TIs, we can expect the magnetic ordering to obliterate the non-trivial topological character because of the breaking of the time-reversal symmetry (TRS).
14-16 Suitable topological properties can however be preserved if an alternative or a residual symmetry persists. For commensurate AFM states a symmetry playing the role of timereversal can be realized by combining complex conjugation and lattice translations. 17, 18 Such symmetry gives rise to a Z 2 -classification in three dimensions but not in two.
The interplay between topological properties and correlation-driven AFM acquires further depth in a finite system, whose boundaries can host peculiar edge states, and at the same time they show stronger electron correlation effects [19] [20] [21] [22] [23] [24] [25] . In this article, we explore this situation by studying AFM ordering in the BernevigHughes-Zhang (BHZ) model, 16 supplemented by a local interaction 6,10,25 on a stripe with open boundaries along one spartial direction using Dynamical Mean-Field Theory (DMFT).
26,27
For a strong enough interaction the system undergoes a first-order transition to an AFM state. Near the transition the magnetization along the confined direction deviates from a simple staggered pattern, allowing for a coexistence with a persisting topological state. Surprisingly, the helical edge states [28] [29] [30] survive in the presence of AFM ordering for a large window of the interaction strength. When the external layers become insulating the edge states penetrate the "sub-peripheral" layers, redefining the actual boundaries of the TI. This edge reconstruction is similar to that taking place near a Mott insulator [23] [24] [25] which, however, does not break any of the symmetries protecting the topological state.
The novel boundary layers not only separates the topological bulk from the trivial ordered region, but also marks a dramatic change in the many-body character of the system. While the insulating AFM layers can be basically described in terms of Hartree-Fock theory, 31 the inescapable presence of the gapless edge states turns out to bring correlation effects, beyond Hartree-Fock picture, back into the game. The outcome of correlations, topology and boundary effects is therefore a strongly correlated AFM state which remains metallic with gapless edge states.
The topological nature of the system arises from the residual U (1) symmetry, corresponding to the spinrotation around the z-axis, as the magnetic ordering does not have in-plane components. In general, the U (1)-invariant topological states are referred to as spin-Chern insulators (SCIs). [32] [33] [34] The emergence of an interaction driven SCI in the bulk have been addressed before using different approaches 1, 32, 35 . However, the analysis of the corresponding edge states in a finite system is still lacking. Our calculations demonstrate that a SCI is realized in a finite geometry near a correlation driven AFM transition.
The article is organized as follows. In Sec. II, we introduce the interacting BHZ model (that allows for magnetic ordering) and discuss the method of solution. In Sec. III, we present the main results of our work. In particular, we investigate the antiferromagnetic ordering in a stripe geometry with distinction of bulk and edge properties. Finally, in Sec. IV, we conclude and point out interesting perspectives.
II. INTERACTING BHZ MODEL
We consider a two-orbital BHZ model in two dimensions in presence of a local interaction term.
6,10,25 The Hamiltonian can be written in terms of the identity Γ 0 = 1 ⊗ 1 and the following 4×4 matrices: Γ x = σ z ⊗ τ x , Γ y = −1⊗τ y , Γ 5 = 1⊗τ z and Γ σ = σ z ⊗1. Here, σ x,y,z and τ x,y,z are two sets of Pauli matrices acting, respectively, on the spin and orbital sector.
If periodic boundary conditions (PBC) are assumed in both spatial directions, the non-interacting part of the Hamiltonian can be diagonalized in momentum space:
where the spinor ψ k=(kx,ky) collects the operators c kασ destroying electrons at the orbital α = 1, 2 with spin σ =↑, ↓, while
Hamiltonian is invariant under TRS and conserves S z , i.e. it has U (1) spin rotation symmetry.
In order to describe the effects of AFM ordering, we consider a unit cell with two inequivalent sites, Λ = A, B (see inset in Fig.1 ). The unit cell tiles the lattice along the two vectorsâ = a lat (1, 1),b = a lat (2, 0), with a lat is the lattice constant which we assume as our unit length.
In this paper we solve the model in a geometry where we have open boundaries and a finite number L y of layers along theâ direction, while PBC are assumed along thê b direction ("stripe geometry") as shown in the inset of takes the form
where y = 0, . . . , L y − 1 is the coordinate inŷ direction, i.e. the layer index, Ψ kxy = (ψ k,A , ψ k,B ), and
In the remainder of this article, we set as the energy unit.
In Eq. (1), H int describes a local Coulomb interaction with both inter-and intra-orbital repulsion and the Hund's coupling J, taking into account the exchange effect which favors high-spin configurations. In terms of lo-
where U is the strength of the electron-electron interaction and Ψ i=x,y = 2π V kx e −ikx·x Ψ kxy 36 . In the following, we fix λ = 0.3 and a relatively large ratio J = U/4 but none of our results are specific to this choice. We solve the interacting problem non-perturbatively using DMFT 10, 11, 25, 37, 38 at zero temperature. In order to capture the different behavior between bulk and boundaries, we rely on its real-space extensions for inhomogeneous systems. [39] [40] [41] [42] [43] [44] [45] In this framework, the interaction effect is contained in a diagonal but layer-dependent selfenergy function Σ y (ω), bearing the correct spin-orbital structure.
III. AFM ORDERING AND METALLIC EDGE STATES
The presence of strong electronic interaction usually favours the emergence of an instability towards longrange ordered states at low temperature. For half-filled bipartite lattices the leading instability is towards a staggered AFM ordering. Our system makes no exception to this generic consideration. We clarify this point in Fig.1 , reporting the phase diagram of the model in an infinite system with PBC in both directions. 10 In the non-interacting regime (U = 0) the system undergoes a topological quantum phase transition at M = 2 from a band-insulator (BI) for M > 2 to a quantum spin Hall insulator (QSHI) at M < 2. These two phases are adiabatically continued into separate regions of the diagram for finite values of the interaction. The QSHI region is topologically non-trivial hence the Z 2 invariant is ν = (C ↑ − C ↓ )/2 = 1, where C σ is the Chern number for a given spin orientation. 7 In both the QSHI and the BI regions the ground state is paramagnetic and TRS is preserved. However, for larger values of the interaction strength the system undergoes a transition from the paramagnetic QSHI to an AFM phase. The magnetic transition takes place at U = U homo c and it is of the first order (see Fig.2(a) ). In the homogeneous case the AFM phase is topologically trivial as TRS is explicitly broken. Notably, we cannot exclude the possible existence of a SCI phase in the coexisting region near the critical point, as pointed out in Ref. 46 . The very existence of such non-trivial metastable phase requires a fine-tuning of the model parameters. We will show below that an extended SCI phase, characterizing by a finite decaying magnetization in the bulk, naturally emerges in a finite geometry as a result of strong correlations.
We now consider the system on the stripe geometry introduced above. To characterize the magnetic nature of the solution we consider the local magnetization m i = 1 2 α (n iα↑ − n iα↓ ), where n iασ is the local occupation at the site i, for the orbital α with spin σ. In a finite system, the lattice translational symmetry is broken, leading to a substantial reduction of the kinetic energy near the boundaries. This makes the sites near the edge effectively more correlated. 20, 21, 25, 43 Hence, we expect the external layers to build up a magnetic order more rapidly with respect to the bulk as the interaction increases.
44
This effect is illustrated in Fig.2(a) here we plot the layer-resolved absolute value of the magnetization |m yâ |, along the diagonal directionâ for the sublattice Λ = A. This quantity would be a constant as a function of y in an ideal Néel antiferromagnet. Here we plot the absolute value to focus on the way the interaction leads to the formation of magnetic moments in the first layers. As a function of U , the initially non-magnetic system at weak coupling is progressively driven into an ordered state by increasing the interaction strength. However, the most external layer, y = 0, reaches the saturated value for the magnetization for smaller interactions than the more internal layers. The behavior of m yâ shows a sequential behavior with respect to the different layers, near the saturation point. In this regime, few external magnetic layers coexist with a paramagnetic "bulk". Further increasing the interaction strength, the AFM ordering penetrates the inner layers. For interactions larger than a critical value U > U stripe c U homo c the whole system becomes AFM.
Interestingly, the spatial distribution of the magnetization has a non-trivial behavior which we explore In the inset of Fig.2(a) . Here we report the evolution of the magnetization m yâ as a function of the layer index y along theâ-direction and for the sublattice Λ = A. Along the periodic direction a perfect Néel ordering is imposed.
For weak interactions, the magnetization is negligible everywhere reflecting the non-magnetic nature of the solution in this regime. By increasing the correlation strength in the regime U < U stripe C , the system develops a finite magnetization near the boundaries which is exponentially suppressed in the bulk on a length scale ξ. Interestingly, the magnetization shows a non-trivial spatial modulation before the staggered pattern (which corresponds to a constant magnetization with our notation) sets in. In this regime, the ordered boundary layers coexist with a yet non-magnetic bulk. Only for a larger interaction strength, the system eventually develops a nearly constant and flat magnetization profile m yâ , corresponding to the complete transition of the stripe to an AFM state.
In order to get insight into the development of the AFM state and the non-trivial spatial distribution of the order parameter, we investigate both the evolution of the correlation length in transverse direction ξ and the Fourier decomposition of the magnetization profile, i.e. The results for these two quantities are reported in Fig.2(b) -(c). The following scenario emerges. Approaching the AFM transition, the correlation length increases from few (ξ 2) to many lattice units. Thus, enhancing the interaction strength, an increasing number of layers from the boundary to the bulk order magnetically. When the correlation length reaches the half-size of the stripe, ξ L y /2, the two AFM fronts "propagating" from the opposite boundaries overlap. Beyond this point the system becomes entirely AFM. Simultaneously, the spectral distribution of the order parameter undergoes a dramatic change. Initially, the distribution has a wide "bell"-like shape, spread over many momenta and centered near q peak π 2 . Increasing U the width of the distribution reduces while the peak contribution increases its weight. Approaching the transition the spectral distribution of the AFM order parameter becomes entirely dominated by the peak contribution, which in turn approaches the value q peak = π. Eventually, at U > U stripe c the magnetization converges towards the form m i = e iQi M , where i = (x, y) and Q = (π, π) is the ordering vector of the Néel AFM state, as expected in the homogeneous limit, i.e. PBC in all directions.
The construction of the AFM state in the stripe comes with the progressive breakdown of TRS. In the absence of such symmetry the conventional QSHI is modified and its helical states at the boundary change nature. However, we found that near the AFM transition the system remains in a topological state, endowed with vestigial edge states. Such gapless modes are protected by the residual U (1) symmetry associated with the spin-rotation around the easy axis. If this symmetry was broken, a gap would open for the edge states. The presence of the U (1) symmetry is enough to stabilize the topological state against the magnetic ordering, leading to a progressive reconstruction of the edge states, 25 and the consequent contraction of the topological bulk, as the AFM order penetrates into the system. In order to illustrate this effect we report in Fig.3(a) -(c) the evolution of the spatial distribution of the magnetization and of the reconstructed edge states. For small values of the interaction strength the staggered magnetization is weak and localized at the boundary layer, where it coexists with the gapless mode. As the interaction is increased the AFM order slowly builds up and progressively penetrates into the stripe. As the magnetization reaches its maximum value at the most external layer, a gap in the energy spectrum opens and the gapless edge states shifts inward. In this regime of the interaction strength U < U stripe c , the system hosts a non-trivial topological bulk with a residual weak magnetization distribution, separated from the trivial AFM part at the most external layers by a conductive state located in "sub-peripherals" layers.
The discontinuity in the topological character at the edge layer is accompanied by a dramatic change in the nature of the ground state. The topologically non-trivial bulk shows a strongly correlated nature. We estimate the correlation strength in terms of the electronic self-energy as:
where
Deep inside the AFM ordered state, the DMFT yields very similar results to the static Hartree-Fock theory, and the ground state has a low degree of electronic correlation, i.e. the electronic states are very close to single-particle states 31 Near the transition, the penetration of the AFM ordering in the strongly interacting topological bulk gives rise to a state that is simultaneously correlated and magnetic. As such, the nature of this state goes beyond a conventional Hartree-Fock description. In order to illustrate this point we show in Fig.3 correlation strength is nearly at its maximum at all layers. Approaching the magnetic transition, Θ i is strongly suppressed in the trivial AFM boundaries, and it remains finite at the reconstructed edges as well as in the topological bulk, despite the progressive penetration of magnetization. Remarkably, we observe the same spatial modulation between the magnetization and the suppression of Θ i . The system retains a substantial degree of correlation until the AFM correlation length reaches the value ξ ∼ L y /2, and the whole system becomes a trivial AFM insulator. Finally, we can characterize the edge reconstruction phenomena studying the spatial evolution of the k x -and layer-resolved spectral function: A y (k x , ω) = − 1 4π α,σ ImG α,y (k x , ω + i0 + ). In Fig.4 , we report the low-energy part of A y (k x , ω) around the Γ point for the first three layers at one edge of the stripe, near the AFM transition. For U = 3.60 < U stripe c , the gapless helical states at the y = 0 layer have collapsed leaving behind a spectral gap associated to the AFM ordering. While some sub-gap spectral weight is developed, due to hybridization with the bulk layers, in the second interior layer (y = 1), it is only at the third layer (y = 2) that we can find a new pair of gapless states, renormalized by electronic correlations separating the trivial AFM insulator from the topologically non-trivial bulk. The situation is identical at the opposite side of the stripe.
IV. CONCLUSIONS AND OUTLOOK
We have investigated the effect of AFM ordering caused by strong local interactions on the topological insulating state of the BHZ model and in particular on the gapless edge states.
Solving the model on a stripe with open boundaries, we have pointed out the existence of a first-order transition to a Néel type AFM state. The transition is preceded by a regime in which the magnetic order has a non-trivial spatial modulation. Unlike in conventional insulators, the onset of inhomogeneous magnetic order does not destroy entirely the topological insulating state which, instead, survives in the bulk. The opening of a magnetic gap in the most external layer is accompanied by the creation of novel helical edge states in the immediately adjacent layers, which become the actual topological boundary of the system. These edge states are protected by a residual U (1) symmetry. Thus, our findings unveil a rich phenomenology of the edge states of interacting spin-Chern insulators. In particular our calculations suggest a novel way to induce a metallic state in an antiferromagnet caused by strong electronic correlations.
A conventional way to drive an AFM into a metallic state is through hole doping. This comes with a number of fascinating consequences, such as spin-charge separation in one dimension and confined spin polarons. It is even believed to cause high-temperature superconductivity in two dimensions. Yet, injecting holes in an AFM state inevitably spoils the long-range order and eventually destroys it. In our work, we find that symmetry protection of the edges in a topologically non-trivial AFM driven by strong correlation enables for the spatial coexistence of metallic regions with long-range ordered magnetization. We suggest that this effect should also be realized at the interface between a trivial AFM insulator and a TI. The proximity of the two phases could allow for an atomically thin AFM metallic state. This heterostructure could be of relevance for the emerging research field of AFM spintronics 47, 48 .
